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Inhibitory parvalbumin-containing interneurons (PVIs) control neuronal discharge and support the generation of theta- and gamma-
frequency oscillations in cortical networks. Fast GABAergic input onto PVIs is crucial for their synchronization and oscillatory entrain-
ment, but the role of metabotropic GABAB receptors (GABABRs) in mediating slow presynaptic and postsynaptic inhibition remains
unknown. In this study, we have combined high-resolution immunoelectron microscopy, whole-cell patch-clamp recording, and com-
putational modeling to investigate the subcellular distribution and effects of GABABRs and their postsynaptic effector Kir3 channels in
rat hippocampal PVIs. Pre-embedding immunogold labeling revealed that the receptors and channels localize at high levels to the
extrasynapticmembrane of parvalbumin-immunoreactive dendrites. Immunoreactivity forGABABRswas also present at lower levels on
PVI axon terminals. Whole-cell recordings further showed that synaptically released GABA in response to extracellular stimulation
evokes large GABABR-mediated slow IPSCs in perisomatic-targeting (PT) PVIs, but only small or no currents in dendrite-targeting (DT)
PVIs. In contrast, paired recordings demonstrated that GABABR activation results in presynaptic inhibition at the output synapses of
both PT and DT PVIs, but more strongly in the latter. Finally, computational analysis indicated that GABAB IPSCs can phasically
modulate the discharge of PT interneurons at theta frequencies. In summary, our results show that GABABRs differentiallymediate slow
presynaptic and postsynaptic inhibition in PVIs and can contribute to the dynamic modulation of their activity during oscillations.
Furthermore, these data provide evidence for a compartment-specific molecular divergence of hippocampal PVI subtypes, suggesting
that activation of GABABRs may shift the balance between perisomatic and dendritic inhibition.
Introduction
Neuronal activity in cortical circuits is controlled by a heteroge-
neous population of GABAergic interneurons (Markram et al.,
2004; Klausberger and Somogyi, 2008). Parvalbumin interneu-
rons (PVIs) form a major subset and play central roles in the
generation of oscillations at theta and gamma frequencies
(Klausberger et al., 2003; Sohal et al., 2009; Wulff et al., 2009). In
the hippocampus, PVIs are diverse and include perisomatic-
targeting (PT) basket and axo-axonic cells, as well as dendrite-
targeting (DT) bistratified cells (Buhl et al., 1996; Pawelzik et al.,
2002; Baude et al., 2007). Although these interneuron types share
a fast-spiking (FS) phenotype and can discharge at high rates,
they show substantial differences in the timing and frequency of
their activity during oscillatory network states both in vitro and in
vivo (Klausberger et al., 2003, 2004; Ha´jos et al., 2004; Gloveli et
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al., 2005). However, the cellular mechanisms underlying these
differences are not yet fully understood.
PVIs receive inhibitory input from diverse sources, including
the septo-hippocampal GABAergic system and various types of
local interneurons, including other PVIs via mutual inhibitory
synapses (To´th et al., 1997; Gulya´s et al., 1999; Bartos et al., 2001).
Inhibition mediated by fast ionotropic GABAA receptors
(GABAARs) has been well characterized and found to be crucial
for their synchronization and oscillatory entrainment (Bartos et
al., 2001; Galarreta and Hestrin, 2002; Vida et al., 2006; Wulff
et al., 2009). In contrast, it remains controversial whether
GABAB receptors (GABABRs) and their postsynaptic effectors,
G-protein-coupled inwardly rectifying potassium (GIRK/Kir3)
channels are expressed in PVIs and modulate their activity and
inhibitory synaptic output. In situ hybridization and light micro-
scopic immunocytochemical studies have revealed that GABAB1
subunits accumulate in the somata of a subset of hippocampal
interneurons (Fritschy et al., 1999; Kulik et al., 2003); this obser-
vation was taken as evidence for a high expression of functional
GABABRs. However, results of double immunofluorescent label-
ing have suggested that PVIs express none, or only very low levels,
of these receptors (Sloviter et al., 1999). In fact, the absence of
GABABRs would be consistent with the hypothesis that FS PVIs
mediate rapid signaling and largely lack slow neuromodulatory
mechanisms (Freund and Katona, 2007). In contrast, electro-
physiological recordings have revealed slow GABABR-mediated
IPSCs in basket cells of the dentate gyrus and CA1 (Buhl et al.,
1996;Mott et al., 1999), although these studies did not determine
the neurochemical identity of these cells.
To clarify whether functional GABABR signaling cascades are
present in PVIs, we have performed light and quantitative elec-
tron microscopic localization of GABABR and Kir3 channel sub-
units and characterized slow postsynaptic inhibitory responses,
as well as the presynapticmodulation ofGABA release from iden-
tified PVIs.We present compelling evidence that PT, but not DT,
PVIs possess high levels of postsynaptic GABABR-mediated ef-
fects, whereas presynaptic inhibition is present in both cell types.
This differential compartment-specific functional localization of
GABABR effects could explain in part the differences observed in
the activity patterns of these two PVI subtypes during network
oscillations in vitro and in vivo.
Materials andMethods
Antibodies and controls
Antibodies. An affinity-purified rabbit polyclonal antibody recognizing
the GABAB1 subunit (B17) was used for both light and electron micro-
scopic analysis. Its characteristics and specificity have been described
previously (Kulik et al., 2002). An antibody against GABAB2 (B32) was
raised in rabbits, and its specificity was described previously (Li et al.,
2001). Affinity-purified rabbit polyclonal antibodies were used to detect
Kir3.1 andKir3.3 subunits (Ciruela et al., 2010); a commercially available
rabbit polyclonal antibodywas used against Kir3.2 (Alomone Labs). PVIs
were identified using a mouse monoclonal antibody (Swant). A mono-
clonal mouse antibody against cholecystokinin (CCK) was generously
provided by Dr. G. V. Ohning (CURE Center, University of California-
Los Angeles); rabbit polyclonal antibody against neuropeptide-Y (NPY)
was obtained from Bachem.
Controls. To validate the specificity of immunoreactivity for subunits
of GABABRs andKir3 channels, two sets of experiments were performed.
First, we compared the labeling intensity in the analyzed subcellular com-
partments to that in mitochondria. The mean labeling intensity for
GABAB1 over the ER (25.5–37.2 particles/m
2) and at cytoplasmicmem-
branes of dendrites (8.8–59.5 particles/m2, over a 20-nm-wide area at
the inner surface of membranes) were significantly higher than themean
intensity over mitochondria (0.8 0.2 particles/m2, 50 mitochondria,
p  0.001 for all samples). Similarly, Kir3.1, Kir3.2, and Kir3.3 back-
ground labeling over mitochondria was very low at 1.6  0.4 particles/
m2, 1.2 0.3 particles/m2, and 1.5 0.5 particles/m2 (each sample
of 50–55 mitochondria), respectively, whereas labeling on membranes
was significantly higher with 18.8  2.2 to 37.6  3.1 particles/m2
(15–20 PV-positive dendrites; p  0.001 for all samples). Second, the
specificity of labeling for the proteins was controlled by staining of sec-
tions obtained from GABAB1-deficient (Schuler et al., 2001), Kir3.1-
deficient (Bettahi et al., 2002), Kir3.2-deficient (Signorini et al., 1997), or
Kir3.3-deficient (Torrecilla et al., 2002) mice. Immunostaining for the
respective subunits was absent in sections derived from these subunit-
deficient animals at the light microscopic level. Furthermore, electron
microscopic analysis revealed no specific membrane-bound particles in
these tissues.
Immunocytochemistry
Tissue preparation. A total of 9 adult male Wistar rats, 4 adult wild-type
mice, 4 GABAB1-deficient mice, 2 Kir3.1-deficient mice, 2 Kir3.2-
deficient mice, and 2 Kir3.3-deficient mice were used in the present
study. Care and handling of the animals before and during the experi-
mental procedures followed European Union regulations and were
approved by the animal care and use committees of the authors’ institu-
tions. Animals were deeply anesthetized by Narkodorm-n (180 mg/kg,
i.p.; Alvetra) and the hearts were surgically exposed for transcardial per-
fusion fixation as described previously (Kulik et al., 2003). For light
microscopic immunohistochemistry, 4 rats, 2 wild-type mice, 2
GABAB1-deficient mice, and 3 Kir3-deficient mice were perfused with a
fixative solution containing 4% paraformaldehyde (Merck) and 15%
(v/v) saturated picric acid. For electron microscopic immunocytochem-
istry, 5 rats, 2 wild-type mice, 2 GABAB1-deficient mice, and 3 Kir3-
deficient mice were perfused with the above fixative that also contained
0.05% glutaraldehyde (Polyscience).
Double immunofluorescent labeling for light microscopy. Sections were
cut on a Vibratome (VT1000; Leica, Wetzlar, Germany) at a thickness of
50mand extensively rinsed in 25mMphosphate buffer (PB) containing
0.9% NaCl (PBS). After a 1 h incubation in PBS containing 10% normal
goat serum (NGS; Vector Laboratories) and 0.3% Triton X-100 at room
temperature, sections were transferred into a mixture of primary anti-
bodies (GABAB1: 1–1.5g/ml, Kir3.1: 0.5–1g/ml, Kir3.2: 1–1.5g/ml,
Kir3.3: 1–1.5 g/ml) diluted in PBS containing 5% NGS, 0.3% Triton
X-100, and 0.05% NaN3, for 48–72 h at 4°C. The anti-PV antibody was
applied at a dilution of 1:10,000. Subsequently, sections were incubated
in amixture of secondary antibodies (anti-rabbit-conjugatedAlexa Fluor
546 and anti-mouse conjugated Alexa Fluor 488 antibodies; Invitrogen)
diluted at 1:500 in PBS containing 3%NGS overnight at 4°C. After incu-
bation with secondary antibodies, sections were rinsed extensively in 25
mM PBS, then in 0.1 M PB, and embedded in a fluorescent mounting
medium (Anti-fade; Invitrogen) under coverslips.
Immunoelectron microscopy. For double immunoelectron microscopy,
sections were prepared as described previously (Kulik et al., 2006), blocked,
and then incubated in primary antibodies (GABAB1: 1–2 g/ml, GABAB2:
1:3000 serum; Kir3.1: 1–1.5 g/ml, Kir3.2: 1–2 g/ml, or Kir3.3: 1.5–2.5
g/ml, in combinationwith PV 1:8000) diluted in TBS containing 3%NGS
for 24 h at 4°C. Subsequently, they were transferred into a mixture of the
following secondary antibodies: goat anti-rabbit (Fab fragment diluted
1:100) coupled to 1.4 nm gold (Nanoprobes) and biotinylated goat anti-
mouse antibodies (diluted 1:50; Vector Laboratories). Later, sections were
processed for silver enhancement of the gold particles with anHQ Silver kit
(Nanoprobes), incubated with avidin-biotin peroxidase complex (ABC kit;
Vector Laboratories), and visualized with 3,3-diaminobenzidine tetrahy-
drochloride (0.05%) as a chromogen and 0.01%H2O2 as substrate. Sections
were then treatedwith1%osmiumtetroxideanduranyl acetate, dehydrated,
then embedded in epoxy resin (DurcupanACMFluka; Sigma-Aldrich). Ul-
trathin sectionswere cut on an ultramicrotome (ReichertUltracut E; Leica),
observed in a Philips CM100 electronmicroscope. Imageswere takenwith a
CCD camera (Orius SC600; GATAN) and analyzed using GATAN imaging
software.
Quantification of immunogold labeling. Serial ultrathin sections (65
nm) were cut from the very surface of sections (up to 3 m depth)
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because immunoreactivity decreased with depth due to the limited pen-
etration of antibodies (Kulik et al., 2002; Ciruela et al., 2010). Samples of
PV-immunoperoxidase-labeled dendrites and unlabeled PC dendritic
shafts and spines in stratum (str.) radiatum and somata and axon termi-
nals from the str. pyramidale of area CA1 were collected from consecu-
tive serial sections. The density of proteins over the cytoplasmic
membrane surface was estimated by dividing the number of immuno-
gold particles localized within 20 nm of the inner surface of the plasma
membrane with the membrane surface of dendritic profiles. To calculate
the area of plasmamembrane in the section, the perimeter of the profiles
was measured using ImageJ software (W.S. Rasband, National Institutes
of Health, Bethesda, Maryland, http://rsb.info.nih.gov/ij/) and was mul-
tiplied by the nominal thickness taken as 65 nm.Note that themembrane
surface density calculated here differs from the density values over the
cross-sectional area used for evaluating the specificity of immunogold
labeling (see above).
Electrophysiology
Acute hippocampal slice preparation. For electrophysiological recordings,
slices were obtained from 17- to 27-d-old wild-typeWistar rats orWistar
rats expressing the Venus fluorescent protein under the vGAT promoter
(Uematsu et al., 2008). All procedures and animal maintenance were
performed in accordance with Institutional and UKHome Office guide-
lines under Schedule 1 of the Scientific Procedures Act (1986), the Ger-
man Animal Welfare Act, and the European Council Directive 86/609/
EEC regarding the protection of animals, as well as guidelines from local
authorities (Berlin, T 0215/11). After cervical dislocation, brains were
quickly removed and transferred to carbogenated (95% O2/5% CO2),
ice-cold sucrose-ACSF (in mM: 87 NaCl, 2.5 KCl, 25 NaHCO3, 1.25
NaH2PO4, 25 glucose, 75 sucrose, 7 MgCl2, 0.5 CaCl2, 1 Na-pyruvate, 1
ascorbic acid). Transverse, 300-m-thick hippocampal slices were cut on
a Vibratome (VT1200s; Leica) and transferred to a submerged holding
chamber containing carbogenated sucrose-ACSF. The slices were incu-
bated at 35°C for 30 min and stored subsequently at room temperature.
For recording, slices were transferred to a submerged recording chamber
and superfused with carbogenated normal ACSF (in mM: 125 NaCl, 2.5
KCl, 25 NaHCO3, 1.25 NaH2PO4, 25 glucose, 1 MgCl2, 2 CaCl2, 1 Na-
pyruvate, 1 ascorbic acid) at 32–34°C.
Whole-cell patch-clamp recordings. Slices were visualized using an up-
right microscope (BX-50-WI; Olympus) equipped with infrared differ-
ential interference contrast optics and a digital camera (ORCA 285;
Hamamatsu). Recording electrodes were produced from borosilicate
glass capillaries (2 mm outer/1 mm inner diameter; Hilgenberg) on a
P-97 puller (Sutter Instrument). Pipettes were filled with K-gluconate-
based solution containing the following (in mM): 130 K-gluconate, 10
KCl, 2 MgCl2, 10 EGTA, 10 HEPES, 2 Na2-ATP, 0.3 Na2-GTP, 1 Na2-
creatinine, 0.1% biotinylated-lysine (Biocytin, Invitrogen), pH 7.3, 290–
310 mOsm, and had series resistance (Rs) of 2–4 M.
Recordings were performed using an AxoPatch 200B amplifier (Mo-
lecularDevices). Voltage and current signals were filtered at 10 kHz using
the built-in low-pass Bessel filter of the amplifier, digitized at 20 kHz
(CED 1401; Cambridge Instruments) and acquired for off-line analysis
using WinWCP software (courtesy of J. Dempster, Strathclyde Univer-
sity, Glasgow). Data analysis was performed using the Stimfit software
package (courtesy of C. Schmidt-Hieber; http://www.stimfit.org). Cells
were recorded initially in current-clamp and a family of 50 pA depolar-
izing to hyperpolarizing current steps injected (250 to 250 pA, 500 ms
duration) to determine intrinsicmembrane properties and action poten-
tial discharge properties. Pharmacologically isolated GABABR-mediated
IPSCswere elicited by extracellular stimulationwhile voltage-clamped to
a holding potential of65mV in the presence of NBQX (10M), D-AP5
(50 M), and bicuculline or gabazine (SR-95531; both at 10 M). Stimu-
lating electrodes were patch pipettes filled with 2 M NaCl (resistance
0.1–0.3M) and positioned at the border of str. lacunosum-moleculare
and str. radiatum. Single stimuli or 200 Hz trains of 3 or 5 pulses were
applied every 20 s; stimuli had duration of 0.1 ms with an intensity of 50
V from a constant-voltage-isolated stimulus generator. RS was moni-
tored constantly, but not compensated, and recordings were abandoned
if it exceeded 30 M or deviated by10%. IPSC amplitudes were mea-
sured over a 10 ms time window at the peak from baseline level directly
preceding the stimulus in averages of at least five evoked responses. For
kinetic analysis, only those cells in which a single stimulus evoked IPSCs
with amplitudes larger than 5 pA were considered. Decay time constant
of IPSCs was determined by fitting a mono-exponential function
(Sodickson and Bean, 1996) using the Levenberg-Marquardt sum-of-
squared errors method. In some interneurons, a small inward current
was detected after blockade of ionotropic receptors. This current was not
identified, but it had negligible impact on the slow GABABR IPSCs.
To analyze GABABR-mediated whole-cell currents, the selective ago-
nist baclofen (10 M) was applied to the bath. The current induced by
GABABR activation was measured as the change in holding current be-
tween a 2 min baseline directly preceding drug application and at the
maximal response over 2 min after drug wash-in. GABABR-mediated
currents were blocked by the selective GABABR antagonist CGP-55845
(CGP, 5M). To study the voltage dependence of the currents induced by
baclofen, voltage ramps from 40 mV to 120 mV (slope of 0.67
mV/ms; preceded by a 50 ms pre-pulse to 40 mV) were run during
baclofen steady state and after full blockade of GABABRs by CGP; the
currents evoked during CGP were subtracted from the baclofen re-
sponse. RS was compensated to80% during ramp tests. For all cells, we
analyzed themembrane capacitance (Cm),measured from a 10ms, 2mV
hyperpolarizing test pulse at the end of IPSC traces, in voltage-clamp. In
all cells, these test pulses were better fitted with a biexponential, rather
than a monoexponential function (Levenberg-Marquardt sum-of-
squared errors method), presumably due to themorphologically distrib-
uted nature of membrane capacitance. Cm was calculated using the
following equation:
Cm  1Gr I1I1  I2  2Gr I2I1  I2 RS  RIRI
where  is the relevant time constant, GT is the pipette conductance
(reciprocal of RS), and I is the peak amplitude of the relevant time
constant.
Paired recordings were performed using either two AxoPatch 200B
amplifiers or a two-channel MultiClamp 700B amplifier (Molecular De-
vices). To improve signal-to-noise ratio in the recordings of GABAAR-
mediated IPSCs, patch electrodes were filled with a high Cl internal
solution (in mM: 105 K-Gluc, 40 KCl, 2 MgCl2, 0.1 EGTA, 10 HEPES, 2
Na2-ATP, 0.3 Na2-GTP, 1 Na2-creatinine, 0.1% biocytin, pH 7.3, 290–
300 mOsm). Action potentials were elicited in presynaptic PVIs by de-
livering 500 s depolarizing current pulses to the cell, sufficient to fire a
single action potential (3–5A). IPSCswere recorded in the postsynaptic
CA1 PC under voltage-clamp conditions at a holding potential of 65
mV, with RS (5–20M) compensated to 70–80%. IPSCs were recorded
every 5 s and at least 30 synaptic responses were collected before bath
application of 10M baclofen. Thirty traces were collected after reaching
a steady-state baclofen effect (2 min), at which time 5 M CGP was
applied to the bath, allowed to reach steady state, and a further 30 traces
collected. Changes in the membrane potential of the presynaptic in-
terneuron in response to application of the drugs were not corrected. For
time course data, IPSC amplitudes from individual traces are shown;
mean IPSC amplitudes were calculated in time windows of 500 s
around the peak in averages of30 traces.
To determine the cellular source of GABA capable of producing
GABABR-mediated responses, we performed paired recordings between
potential presynaptic interneurons and postsynaptic CA1 PCs or PVIs.
Action potentials in presynaptic interneurons were elicited with a single
current pulse or short trains of pulses (1.5 nA amplitude, 1 ms duration,
trains of 10 pulses at 100 or 200 Hz) in normal ACSF to determine
synaptic connectivity between the two recorded cells. To record isolated
slow IPSCs 10 M DNQX, 50 M D-AP5, 10 M bicuculline, and the
GABA uptake inhibitor tiagabine (10 M) were added to the bath. To
further enhanceGABA release from the presynaptic interneurons, longer
trains of stimuli (300 ms at 100 Hz) were applied in another set of
experiments. To prevent synaptic run-down in these experiments, 10mM
GABA was included in the intracellular solution. All recorded pairs were
morphologically identified and analyzed to determine whether the axon
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of presynaptic interneurons was present and overlapping with the den-
dritic tree of the postsynaptic neuron. From these longer stimuli, at least
30 traces were collected and averaged. In all experiments, after stimula-
tion of the presynaptic neuron, 5 M CGP-55845 was bath-applied to
confirm that the slow responses were mediated by GABABRs.
Visualization and immunocytochemical characterization of
recorded neurons
After recording, slices were immersion fixed overnight in 0.1 M PB con-
taining 4% paraformaldehyde. Slices were extensively rinsed in PB and
processed without resectioning. Biocytin-filled cells were visualized us-
ing avidin-conjugated Alexa Fluor 647 (1:1000; Invitrogen) and pro-
cessed for immunofluorescent labeling against PV (see above), NPY
(dilution 1:2000), and CCK (dilution 1:5000). Slices were coverslipped
using an aqueous fluorescence mounting medium. Morphological and
immunocytochemical analysis of the cells was performed on a confocal
laser-scanning microscope (Bio-Rad Radiance 2100 or FluoView 1000;
Olympus). On the basis of their morphological features, neurons were
classified as CA1 PCs, or interneurons. Parvalbumin-immunoreactive
interneurons were further subdivided into two groups: (1) PT cells, with
axons in and near the str. pyramidale, and (2) DT bistratified cells, with
axons in the str. radiatum and str. oriens. All interneurons presented in
this study showed immunoreactivity for PV. Selected cells and pairs of
cells were 3D reconstructed using either Neurolucida software (Micro-
BrightField) or the SimpleNeurite Tracer plug-in (Longair et al., 2011) in
the Fiji distribution of ImageJ software (http://fiji.sc/) from confocal
image stacks obtained with either a 20 objective (numerical aperture
[NA] 0.75), an oil-immersion 40 objective (NA 1.3), or a silicone-
immersion 60 objective (NA 1.3).
Network simulations
Network activity was simulated usingNeuron 7.1 running on a PC under
Linux (Hines andCarnevale, 1997) based onour previously developed FS
interneuron network model (Vida et al., 2006). In brief, interneurons
were represented as single compartments with a specific leak conduc-
tance of 0.1 mS cm2 including voltage-gated Na	 and K	 conductances
modeled using modified Hodgkin-Huxley equations. The network was
assembled from200 FS neurons (corresponding to PTPVIs) arranged on
a virtual ring with 50m spacing between adjacent cells. Each FS neuron
was randomly connected to 60 of its 100 nearest neighbors via mutual
inhibitory synapses, with fast kinetics and a shunting inhibitory effect
(Bartos et al., 2001; Vida et al., 2006). The unitary peak conductance was
set to 0.1 mS cm2, the rise time constant was 0.16 ms, the biexponential
decay time constants were 1.2 ms (90% amplitude contribution) and 8
ms (10%), and the synaptic reversal potential was58 mV. In addition,
each FS neuron was randomly connected to four of its eight nearest
neighbors by electrical synapses (transcellular conductance: 0.01 mS
cm2).Neuronswere initialized to amembrane potential of65mVand
tonic excitatory currents were applied to each neuron with amplitudes
randomly chosen from a normal distribution with mean of 2 A cm2
and a coefficient of variation of 10%.
To simulate the effects of GABABR-mediated slow inhibition onto the
FS cells, 20 interneurons discharging synchronously at theta frequencies
(theta cells [TCs]) were incorporated in the network. The discharge of
TCs was synchronized and varied between 4 and 12Hz by applying a low
excitatory drive in the range of 0.15–0.25A cm2. Each TC evoked slow
GABABR-mediated IPSCs in all FS interneurons; the peak “unitary” am-
plitude of the IPSCs was varied between 1 and 25 S cm2, onset latency
was set to 89 ms, rise time constant 35 ms to match the 66 ms rise time,
decay time constant 150ms, and the synaptic reversal potential95mV.
Network activity was simulated in epochs of 2000 ms; mean network
frequency and coherence of FS cells was measured between 1500 and
2000 ms when the summation of the compound GABAB conductance
reached steady state. The upper limit of discharge frequency was deter-
mined in a 50 ms window at the trough of the compound conductance;
the lower limit was measured in a 50–120 ms window at the peak to
account for the transient silencing with higher conductance amplitudes.
Network frequency was calculated from the mean interspike interval
(Bartos et al., 2001). Phase relationship of FS cells was calculated from the
mean discharge latency relative to the theta cycle defined by the discharge
of the TCs. Frequency and coherence values indicated are averages of
three independent simulation runs.
The potential impact of GABAAR-mediated inhibition from TCs onto
FS cells was tested in a set of simulations. The synaptic latency was 2 ms,
the rise and decay time constants of the IPSCs were 3 and 20 ms, respec-
tively, and the reversal potential was assumed to be 55 mV. Surpris-
ingly, the fast inhibitory conductance (0.5–25 S cm2) resulted in only
minimal perturbation of the FS network activity, with network frequency
reduced from 66.45 0.07 Hz to 65.9 0.14 Hz for the largest conduc-
tance in a 50ms time window after the TC discharge (p
 0.02, Kruskal–
Wallis rank-sum test for six increasing conductance amplitudes).
Statistical analysis
All values are given as mean  SEM. Statistical analyses were per-
formed using either the R (GNU R Project, http://www.r-project.org)
or Prism 3.0 (GraphPad) software packages. Multiple group compar-
isons were performed first using the Kruskal–Wallis rank-sum test.
Pairwise comparisons of groups and pharmacological effects were
assessed by the Wilcoxon rank-sum (Mann–Whitney–Wilcoxon) or
the Wilcoxon signed-rank tests, respectively. Prevalence of monosyn-
aptic GABABR-mediated responses was assessed with a 
2 test. Statis-
tical significance was accepted at p  0.05.
Results
GABAB1 immunoreactivity is present at low levels in somata
of PVIs
Previous studies have revealed strong immunoreactivity for the
GABAB1 subunit in the somata of distinct subsets of interneurons
(Fritschy et al., 1999; Sloviter et al., 1999; Kulik et al., 2003).
However, PVIs were reported to show only weak or no signal for
GABABRs (Sloviter et al., 1999) and the expression of functional
receptors remained controversial. Therefore, to assess the so-
matic immunoreactivity in these interneurons, we first per-
formed double immunofluorescent labeling for GABAB1 and PV
in the rat hippocampus (Fig. 1A). The resulting staining pattern
corresponded well to those published previously, with preferen-
tial immunolabeling in dendritic layers, notably str.
lacunosum-moleculare of the CA areas. Labeled nonprincipal
cells were scattered throughout hippocampal areas, but neurons
showing strong immunoreactivity for GABAB1 were consistently
negative for PV (Fig. 1A, arrow). However, closer inspection of
PV-positive somata revealed that the intensity of immunolabel-
ing for the receptor subunit was above background, often equiv-
alent to or exceeding that of neighboring pyramidal cells (PCs;
Fig. 1A, arrowheads).
The GABAB1 immunoreactivity observed in neuronal cell
bodies at the light microscopic level corresponded primarily to
proteins localized to the endoplasmic reticulum (ER; Kulik et al.,
2003). Therefore, to further confirm that somataof PVIs contain the
GABAB1 subunit, we performed high-resolution immunogold elec-
tron microscopic analysis. Our results showed consistent immuno-
gold labeling for GABAB1 over the ER of PV-positive cells (data not
shown) with a mean immunogold particle density of 37.3  5.4
particles/m2 (in 3 cells). This labeling was significantly higher than
background (0.8 0.2 particles/m2, p 0.001), confirming the
specificity of this signal. These results thus demonstrate that the
GABAB1 subunit is expressed by PVIs and is present in their ER.
Effector Kir3 channel subunits are expressed by PVIs
Postsynaptic effects of GABABRs are primarily mediated by Kir3
channels (Lu¨scher et al., 1997; Kaupmann et al., 1998). To deter-
mine whether these effector channels are also expressed by PVIs,
we performed double immunofluorescent labeling for PV and
the Kir3.1, Kir3.2, or Kir3.3 subunits (Fig. 1B). In good agree-
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ment with earlier publications (Grosse et al., 2003; Koyrakh et al.,
2005; Kulik et al., 2006), all three Kir3 subunits showed preferen-
tial staining in dendritic layers of the hippocampus. In the str.
pyramidale of CA1, Kir3 labeling intensities were generally low,
but PV-positive somata often showed immunoreactivity for Kir3
subunits comparable to or above that of neighboring PCs (Fig.
1B, arrowheads). Therefore, our light microscopic investigations
confirmed that PVIs show immunoreactivity not only for
GABABR, but also for the three main subunits of their postsyn-
aptic effector Kir3 channels.
PV-immunoreactive dendrites show high levels of
surface-localized GABABRs
We next investigated the subcellular distribution of GABABRs
over the somatodendritic plasma membrane of PVIs by immuno-
electron microscopy (Fig. 2). Immunogold particles for GABAB1
subunit were mainly found along the extrasynaptic plasma mem-
brane of immunoperoxidase-labeled PV-positive dendritic shafts in
str. radiatum(Fig. 2A).Consistentwith the requirementofGABABR
subunit heterodimerization for surface localization and formation
of functional receptors, immunogoldparticles forGABAB2 showeda
similar subcellular distribution and were found preferentially along
the extrasynaptic plasma membrane of PV-immunopositive den-
drites (Fig. 2B). To quantify the intensity of immunolabeling, the
surface density of immunogold particles for GABAB1 was deter-
mined for the dendritic membranes of PVIs and pyramidal cells in
serial ultrathin sections (Fig. 2C). Although there was an inherently
high variability of labeling in sampled PVI dendritic segments (n

23 from 2 animals; Fig. 2C), the mean immunoparticle density was
high, with 13.0  1.7 particles/m2 (Fig. 2C). In comparison, the
density of immunogold particles on plasmamembranes of putative
CA1 PC spiny dendrites was not statistically different (12.1  2.1
particles/m2, 9 dendritic shafts, p 
 0.81; Fig. 2C). Immunogold
particle density did not show any correlation with diameter of the
dendrites (data not shown), suggesting that the distributionwas ho-
mogeneous over the dendritic arbor. Interestingly, the labeling den-
sity with 11.5  2.1 particles/m2 was comparably high on the
somatic membrane of PVI cell bodies (n 
 3, p 
 0.76 compared
with PVI dendrites; Fig. 2C). These results indicate a high density of
GABABRs over the somatodendritic membrane of PVIs at levels
comparable to those of CA1 PCs.
GABABRs in PV-positive axon terminals
Presynaptic GABABRs function as autoreceptors in GABAergic
terminals and control the output of inhibitory interneurons
(Lu¨scher et al., 1997). Therefore, we next assessed the subcellular
distribution of the GABABRs in PVI axon terminals (Fig. 2D).
Immunoperoxidase-labeled PVI boutons that established clear
symmetrical synapses with the somata or proximal dendrites of
principal cells in or near str. pyramidale of the CA1 showed weak
but consistent immunoreactivity for the GABAB1 subunit. Simi-
lar to postsynaptic elements, immunogold particles for the sub-
Figure 1. Immunoreactivity for GABAB1 and Kir3 subunits in hippocampal PVIs. A, Confocal
images of the cell body layer of thehippocampal CA1area showing immunofluorescent labeling
for PV (left, green) and GABAB1 (middle, red) and their colocalization in the superimposed
image (right). Note the strong immunolabeling for the GABAB1 subunit in the soma of a PV-
negative interneuron (arrow) and the lower but discernible labeling in PV-positive somata
(arrowheads). B, Confocal images illustrating the colocalization of PV (left, green) with Kir3.1
(top row, middle, red), Kir3.2 (middle row, middle), and Kir3.3 subunits (bottom row,middle).
Immunoreactivity for all the three Kir3 subunits is present in PV-positive interneurons in and
near the CA1 str. pyramidale (arrowheads).
Figure 2. GABABR subunits are present on the plasma membrane of PV-immunopositive
interneurons. A, B, Electron micrographs showing immunoreactivity for GABAB1 (A, immuno-
particles) and GABAB2 (B, immunoparticles) in PV-positive dendrites (Den, peroxidase reaction
end-product) contacted by several presynaptic boutons (b) in the CA1 str. radiatum. Themajor-
ity of the particles for the receptor subunitswere found on the extrasynaptic plasmamembrane
of the dendrites (arrows). C, Summary bar graphs of the surface density of immunogold parti-
cles in immunoperoxidase-negative spiny dendrites of putative PCs and PV-positive dendrites,
somata, and boutons.D, Consecutive serial electronmicrographs of a PVI bouton in the CA1 str.
pyramidale showing immunoreactivity for GABAB1 (arrows). Note that the bouton makes a
symmetrical putative GABAergic synapse (double arrows) with a pyramidal cell soma (S).
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unit were primarily observed along the
extrasynaptic plasma membrane (Fig.
2D), but were occasionally also seen over
the presynaptic membrane specialization.
However, the density of immunogold la-
beling was substantially lower on axons
than on the somatodendritic surface and,
in 26% of boutons (9 of 35), no labeling
was observed. The mean density of the
immunogold particles calculated for the
membrane surfacewas 2.7 0.5 particles/
m2 on PVI boutons (Fig. 2C), fourfold
lower than on dendritic membranes (p

0.004). Although presynaptic labeling was
weak, the immunogold particle density on
PVI boutons was significantly above the
background level measured over mito-
chondria (p  0.001; see Materials and
Methods). Therefore, these results dem-
onstrate clearly that GABABRs are present
on the plasma membrane of PVI axon
terminals.
Surface-localized Kir3 channel subunits
on PV-immunoreactive dendrites
At the subcellular level, Kir3 channels
showed a similar distribution to that of
GABABRs in hippocampal PCs (Kulik et al., 2006). To investigate
whether Kir3 channels are also present on dendritic domains of
PVIs, we performed pre-embedding immunogold labeling for
the Kir3.1, Kir3.2, and Kir3.3 subunits (Fig. 3). Particles for all
three proteins were found to localize to the extrasynaptic mem-
brane of immunoperoxidase-labeled PVI dendrites (Fig. 3A–C).
The density of immunogold particles for Kir3.1 and Kir3.2 was
low, with a mean membrane surface density of 11.6 1.0 parti-
cles/m2 for Kir3.1 and 5.9  1.0 particles/m2 for Kir3.2 (20
dendrites from 2 animals each; Fig. 3D,E). CA1 PC dendrites
from the same section were nearly twice as strongly labeled for
both subunits (19.1  1.6 particles/m2 for Kir3.1, 31 dendritic
shafts, p  0.001 and 12.4  0.9 particles/m2 for Kir3.2, 20
dendritic shafts, p 0.001; Fig. 3D,E). Interestingly, Kir3.3 den-
sity on the dendrites of PVIs was comparable to that of CA1 PCs
(5.4  0.7 particles/m2, 15 PVI dendrites and 5.3  0.6 parti-
cles/m2, 30 PC dendritic shafts, p
 0.9; Fig. 3F). In summary,
our analysis confirms the presence of Kir3 channels on dendritic
membranes of PVIs.
Slow GABABR- and Kir3-channel-mediated inhibition in
identified PVIs
To characterize GABABR- and Kir3-channel-mediated slow in-
hibitory postsynaptic effects, we next performed whole-cell
patch-clamp recordings from acute hippocampal slices.
GABABR-mediated IPSCs were elicited by extracellular stimuli
applied at the border of str. lacunosum-moleculare and str. ra-
diatum of the CA1 area in the presence of the fast ionotropic
receptor blockers NBQX (10 M), D-AP-5 (50 M), and either
bicuculline or gabazine (both 10 M). To facilitate detection of
synaptic responses, stimulus intensity was set to a high 50 V value
and single pulses were interleaved with 200Hz trains of three and
five stimuli (Fig. 4).
This extracellular stimulation protocol consistently elicited
slow IPSCs in CA1 PCs. IPSCs evoked by 1, 3, and 5 stimuli
showed near linear summation with mean amplitudes of 5.8 
0.8 pA, 17.5  2.2 pA, and 26.9  3.1 pA, respectively (26 cells;
Fig. 4A). IPSCs elicited by a single stimulus had a mean onset
latency of 58.6 4.6ms and a rise time of 55.3 5.3ms (13 cells).
The decay of the synaptic currents could be well fitted with a
mono-exponential function (Sodickson andBean, 1996) and had
a time constant of 200.5 37.7 ms. Slow IPSCs were unequivo-
cally identified as GABABR-mediated currents due to sensitivity
to the selective antagonist CGP (5 M, 9 cells) and occlusion by
the agonist baclofen (10 M, 23 cells).
Interneurons were selected for recording on the basis of
their localization within or near to str. pyramidale of the CA1
area and nonpyramidal somatic morphology observed in in-
frared differential interference contrast video microscopy.
Neurochemical identity of the neurons was confirmed by post
hoc immunofluorescent labeling for PV (Fig. 4B, inset); all 27
interneurons presented here showed clear immunoreactivity
for this calcium-binding protein.
The extracellular stimulation protocol evoked slow IPSCs in
most, but not all, PVIs recorded in the CA1 area. The mean
amplitudes of IPSCs evoked by 1, 3, and 5 stimuli were 4.3 1.3
pA, 13.3 3.9 pA, and 19.6 5.3 pA, respectively (27 cells; Fig.
4B). Kinetic parameters were derived from a subset of PVIs (7
cells), which showed larger IPSC amplitudes (5 pA from single
stimuli) and therefore improved signal-to-noise ratio. The onset
latency and rise time of slow IPSCs elicited by single stimuli were
78.1 10.7ms and 80.7 7.9ms, respectively, both longer from
those in PCs (p
 0.048 and p
 0.039). The decay of the synaptic
current was well fitted with a mono-exponential function and
had a time constant (152.9 24.3ms) similar to that observed in
CA1PCs (p
 0.8). The time course of responses elicited by trains
of stimuli was also comparable (Fig. 4B), although with pro-
longed rise times (124.9 17.0ms and 129.2 16.7ms, for 3 and
5 stimuli, respectively), as expected for increasing length stimulus
trains. In all interneurons tested, slow IPSCs were completely
occluded by the agonist baclofen (20 cells; see below) and blocked
by the selective GABABR antagonist CGP (13 cells; Fig. 4B).
Figure 3. Kir3 subunits are present on the plasmamembrane of PV-immunoreactive interneurons. A–C, Electronmicrographs
of consecutive sections illustrating the localization of immunogold particles (arrows) for the Kir3.1 (A), Kir3.2 (B), and Kir3.3 (C)
subunits on dendritic shafts of PV-expressing neurons (Den, peroxidase reaction end-product), which were contacted by many
presynaptic boutons (b). D–F, Bar graphs of the mean surface density of immunogold particles for the three Kir3 subunits on CA1
PC and PV-positive dendrites.
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It is known that single interneurons of the neurogliaform cell
type can produce GABABR-mediated unitary slow IPSCs in prin-
cipal cells (Price et al., 2005, 2008; Krook-Magnuson et al., 2011).
However, there is also evidence that other, as yet unidentified,
interneurons in str. radiatum and str. oriens can also produce
slow IPSCs when activated by trains of action potentials in the
presence of the GABA uptake inhibitor tiagabine (Scanziani,
2000). To determine possible presynaptic cellular sources of
GABABR-mediated response under our experimental conditions,
we performed simultaneous recordings from identified interneu-
rons and CA1 PCs or PVIs in the presence of tiagabine (10 M).
Using either single stimuli or short trains of stimuli, we recorded
65 pairs. Of these pairs, the presynaptic axon was present and
overlapped with postsynaptic dendrites in 43 pairs (33 postsyn-
apticCA1PCs and 10postsynaptic PVIs) andGABAAR-mediated
unitary IPSCs were recorded in 22 pairs. However, in none of
these pairs could a discernible GABABR-mediated response be
observed (data not shown).
To further increaseGABA release, we next tested long trains of
stimuli (300 ms, 100 Hz), also in the presence of tiagabine (10
M). Under these conditions, a further 33 pairs of neurons were
recorded, of which 21 pairs (11 CA1 PCs and 10 PVIs) had over-
lapping presynaptic axon and postsynaptic dendrites. In 9 of the
21 postsynaptic cells (4 CA1 PCs and 5 PVIs), we observed a slow
outward current that was blocked by CGP, consistent with
GABABR activation (Fig. 5A,B). In the identified CA1 PCs, the
average IPSC amplitude was 3.3  2.5 pA, comparable to that
observed in PVIs (3.9 0.9 pA, p
 0.4; Fig. 5C). These responses
were markedly smaller than the amplitude of IPSCs elicited by
electrical stimuli to the str. lacunosum-moleculare/radiatum
border (see above; p 
 0.003). Interestingly, the presynaptic in-
terneurons were diverse, and included three CCK basket cells,
four CCK dendritic inhibitory cells, one NPY-immunopositive
interneuron, and one neurogliaform cell.
Our results show that GABABR-mediated slow IPSCs can be
elicited in PVIs by synaptic release of GABAwith amplitudes and
kinetics comparable to those observed in CA1 PCs. Furthermore,
paired-recording data suggest that diverse interneuron typesmay
contribute to GABABR-mediated postsynaptic inhibition onto
hippocampal interneurons.
Large GABABR-mediated postsynaptic
inhibition in PT but not DT PVIs of the
CA1 area
The absence of slow IPSCs in response to
extracellular stimulation in a subset of
PV-expressing neurons (7 of 27 cells;
25.9%) raised the possibility that subtypes
may respond differentially toGABABR ac-
tivation. PVIs in the CA1 area comprise
morphologically and physiologically dis-
tinct PT cells (75%) and DT cells
(25%; Buhl et al., 1996; Baude et al.,
2007). Indeed, PVIs showed divergent
physiological properties, including a
marked difference in discharge frequen-
cies (137.6  21.9 Hz in cells lacking an
observable slow IPSC and 79.7 10.1 Hz
in those showing IPSCs evoked by current
pulses of 250 pA, p 
 0.016). Therefore,
we next analyzed the intracellularly filled
and visualized interneurons to identify
themmorphologically. On the basis of the
axonal distribution, we identified 16 PT
and 9 DT interneurons (Fig. 6A).
Correlation of morphological type and IPSC amplitudes re-
vealed that the responses were generally large in PT neurons,
whereas they were very small or absent in DT cells (Fig. 6B). The
mean amplitudes of the IPSCs evoked by 1, 3, and 5 stimuli in PT
cells were 6.9  2.0 pA, 20.1  6.0 pA, and 30.2  8.1 pA (data
from 15, 15, and 16 cells, respectively), comparable to those in
PCs (see data above; p 
 0.84, 0.64, and 0.75, respectively; Fig.
6D). In contrast, DT interneurons had IPSC amplitudes of 0.4
0.2 pA, 3.2  1.5 pA, and 4.0  1.7 pA, respectively; markedly
smaller than those in both PCs and PT neurons for all three
stimulus patterns (p 
 0.0001, 0.0012, and 0.0002, respec-
tively, Kruskal–Wallis test with Dunn’s post hoc test, p  0.05
for the pairwise comparison of DT cells against both PT cells
and PCs; Fig. 6D). In good agreement with these data, mor-
phological analysis of the cells from the paired recording ex-
periments (see above) revealed that of the 10 postsynaptic PVI
cells, four were PT and four were DT interneurons; two cells
could not be morphologically identified because of cut axons.
Of these identified cells, discernible slow IPSCs were observed
in three of four PT cells (75%) compared with zero of four DT
cells (0%, p 
 0.038, 2 test), further reflecting a differential
expression of postsynaptic effects in these two PVI subtypes.
In summary, PT cells show large GABABR-mediated IPSCs
comparable to those in PCs, whereas in DT cells, GABAB IP-
SCs are very small or absent.
Pharmacological activation of GABABR-induced large
whole-cell currents in PTbut notDT interneurons
In CA1 PCs and PT PVIs, the amplitude of IPSCs increased al-
most linearly with the number of pulses in the stimulus train,
indicating that not all surface-localized GABABRs andKir3 chan-
nels were recruited by synaptically released GABA. Therefore, to
determine the maximal amplitude of postsynaptic currents, we
measured whole-cell currents induced by pharmacological activa-
tion of GABABRs through bath application of the canonical agonist
baclofen (10 M). Baclofen invariably occluded the evoked slow
ISPCs and resulted in an outward (positive) shift in the holding
current in the voltage-clamped neurons (Fig. 6C). Themean ampli-
tude of the baclofen-inducedwhole-cell current was 88.3 13.3 pA
Figure 4. Slow GABABR-mediated synaptic responses in PVIs of the hippocampal CA1 area. A, Slow IPSCs in a PC evoked by a
single stimulus (a) or trains of three (b) and five (c) stimuli elicited via anextracellular electrodeplacedat theborder of str. radiatum
and str. lacunosum-moleculare. IPSCs were blocked by application of the selective GABABR antagonist CGP (5 M, d). Inset
illustrates the recordingarrangement for the experiments.B, The same stimulationprotocol elicited slow IPSCs inPVIs. Inset shows
confocal images of the PV immunolabeling (left, green pseudocolor) in the biocytin-filled cell body (right, blue pseudocolor). Scale
bar, 20m.
Booker et al. • GABAB Receptor Expression in PV Interneurons J. Neurosci., May 1, 2013 • 33(18):7961–7974 • 7967
in CA1 PCs (23 cells). In PV-expressing
PT interneurons, the mean amplitude of
the baclofen-induced current was
107.3  17.0 pA (14 cells; Fig. 6C,E),
slightly higher than in PCs but not sig-
nificantly so (p 
 0.3). In PT cells, sub-
sequent application of CGP (5 M)
completely reversed the baclofen-
induced change in the whole-cell cur-
rent (0.2  14.0 pA, measured relative
to the baseline before baclofen applica-
tion, 6 cells, p 
 0.6; Fig. 6C), further
confirming that this effect was mediated
by GABABRs.
In DT interneurons, the baclofen in-
duced whole-cell current was absent or
very low. The mean amplitude of the cur-
rent was 16.4  10.5 pA (7 cells), signifi-
cantly smaller than for either PT cells or
CA1 PCs (p
 0.003, Kruskal–Wallis test
with Dunn’s posttest, p  0.05 for the
pairwise comparison of DT cells with PT
cells and PCs; Fig. 6C,E), which is in good
agreement with the results obtained from
synaptic stimulation. Application of 5 M CGP reversed this
small current in cells where it was observed (3.6 9.9 pA, 6 cells,
measured from pre-baclofen baseline, p 
 0.8). In conclusion,
pharmacological activation of GABABRs induces large whole-cell
currents in PT neurons, but no or only very small currents in DT
neurons. These results could be explained by the differential expres-
sion of functional GABABRs and/or Kir3 channels or differential
receptor-channel coupling efficiency in the two PVI types.
To determine the voltage dependence and reversal potential of
the baclofen-induced current, ramp commands were applied to
the voltage-clamped neurons during steady-state baclofen re-
sponse and during CGP steady state. The currents evoked during
CGP application were subtracted from those recorded in the
presence of baclofen (Fig. 6F), which when compared with com-
mand voltage, revealed an inwardly rectifying current with a
mean reversal potential of100.8 4.8mV in PCs (10 cells) and
95.2 12.0 mV in PT interneurons (4 cells; Fig. 6F), confirm-
ing the role of Kir channels, presumably of the Kir3 subtype, in
the baclofen-induced current.
We next calculated estimates of the whole-cell conductance
for each cell group by dividing the baclofen-induced current
by the corresponding driving force. In PCs, the mean value of
the estimated whole-cell conductance was 2.46  0.37 nS. In
PT neurons, it was slightly higher at 3.56 0.61 nS, whereas in
DT cells it was much smaller at 0.38  0.24 nS. To compare
surface density of the conductance in the different cell types,
we further calculated a normalized conductance density by
dividing the calculated whole-cell conductance by cell capac-
itance (mean whole-cell capacitance: 170.4 16.9 pF for PCs,
100.5  7.0 pF for PT, and 75.8  12.3 pF for DT cells). The
mean values of the normalized conductance obtained were
16.0  2.4 pS/pF in PCs, 40.3  8.1 pS/pF in PT cells, and
4.2  3.4 pS/pF in DT cells. Therefore, the normalization
suggests that the surface conductance density is twofold higher
in PT PVIs than in PCs, but it is very low in DT PVIs (10% of
the density value obtained in PCs; p
 0.0001, Kruskal–Wallis
test with Dunn’s posttest; p  0.05 for the pairwise compari-
son of DT cells against both PT cells and PCs).
GABABRs inhibit GABA release from both PT and DT
axon terminals
The presence of immunogold labeling for GABABRs on PVI axon
terminals (Fig. 2D) suggests a role for these receptors in control-
ling the output of the interneurons. To determine the level of
presynaptic inhibition mediated by GABABRs, we performed
paired recordings from CA1 PVIs and synaptically coupled PCs
and monitored GABAAR-mediated unitary IPSCs. Subsequent
immunocytochemical and morphological analysis revealed 12
PVIs, of which 7 were identified as PT PVIs (Fig. 7A, left) and 5 as
DT cells (Fig. 7A, right). Unitary IPSCs elicited by PT PVIs in PCs
had a mean amplitude of 85.5 31.5 pA (range: 5.0–238.7 pA).
Bath application of baclofen (10M) reduced the IPSC amplitude
to 57.1 0.4% of control (p
 0.008,Wilcoxon signed-rank test,
Fig. 7B,C,E), whereas subsequent bath application of the selec-
tive antagonist CGP (5 M) reversed the IPSC amplitude to
99.6 6.9% of the control level (5 pairs, p
 0.4). Interestingly,
unitary IPSCs elicited by DT PVIs in PCs (mean amplitude:
64.8 61.9 pA; range: 4.3–286.1 pA)weremore strongly reduced
to 33.5  10.5% of control by baclofen application (p 
 0.031;
Fig. 7B,D,E). CGP application reversed this effect to 93.3 
32.5% of control IPSC amplitude (3 pairs, p
 0.4). Interestingly,
comparison of the two types further revealed that presynaptic
inhibition by baclofen at DT PVI- PC synapses was stronger than
that at PT PVI-PC synapses (p
 0.018). The membrane poten-
tial of the presynaptic interneurons was not kept constant during
current-clamp recordings, but allowed to fluctuate naturally, so
baclofen application resulted in a 6.1 1.1 mV hyperpolarizing
shift (p
 0.016) in PT cells. In DT PVIs, the change was substan-
tially smaller and not significantly different from the control level
(2.0  1.1 mV hyperpolarization, p 
 0.0625), which is consis-
tentwith lower postsynapticGABABR-mediated responses in this
interneuron subtype (see above). The somatic hyperpolarization
may have contributed to the reduced synaptic transmission at
the output of the interneurons (Alle and Geiger, 2006); how-
ever, the inverse relationship of the degree of hyperpolariza-
tion and the reduction in IPSC amplitudes in the two types
suggests that the baclofen effect was preferentially mediated by
presynaptic receptors.
Figure 5. Single interneurons can evoke GABABR-mediated postsynaptic responses in PCs and PVIs. A, B, In simultaneous
recordings (schematic inA), trains of action potentials in various types of interneurons (upper traces) produced small, but discern-
ible GABABR-mediated slow IPSCs (lower black traces) in both CA1 PCs (A) and PVIs (B). Families of traces on the left illustrate the
discharge pattern and voltage responses of the recorded neurons to depolarizing and hyperpolarizing current pulses (250–250
pA, 500 ms). Inset in B shows confocal images of the PV-immunoreactivity (arrow, left, green pseudocolor) in a biocytin-filled
dendrite of the cell (arrow, right, blue pseudocolor; scale bar, 5m). In all pairs, this IPSCwas blocked by application of CGP (5M,
lower gray traces).C, Summaryplot of GABABR-mediated IPSC amplitudes in CA1PCs (four cells) andPVIs (five cells). Identity of the
presynaptic partner is indicated by abbreviation near the points. NGFC indicates neurogliaform cell.
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Figure 6. Differential expression of GABABR-mediated synaptic andwhole-cell currents in PT and DT PVIs.A, Left: Reconstruction of a PT PVI, a putative basket cell, with dense axonal arbor (red)
in the str. pyramidale (str. pyr.). Right: Reconstruction of a DT PVI, a putative bistratified cell, with axonal arbor (red) in the str. radiatum (str. rad.) and oriens (str. ori.). Insets show the
immunoreactivity for PV (top, in green) in the visualized biocytin-filled cell bodies (bottom, blue pseudocolor; scale bar, 20m); traces show the responses of the two interneurons to a family of
hyperpolarizing and depolarizing current pulses (250 to 250 pA, 50 pA steps, 500ms duration); note the FS discharge pattern of both cells.B, Pharmacologically isolated slow IPSCs evoked in the
PT cell (left, average of 10 traces) and theDT interneuron (right) by trains of five extracellular stimuli delivered to the border of str. radiatumand str. lacunosum-moleculare (str. l-m). IPSCs had large
amplitude in PT cells butwere absent or had very small amplitudes in DT neurons. C, Time course plots of whole-cell current (IWC, top) and the IPSC amplitude (bottom) before and during sequential
bath application of baclofen (10M) and CGP (5M) from a subset of PT cells (A, four cells) and DT cells (B, six cells) in which both drugs were applied.D, Summary bar graph of IPSC amplitudes in
PCs andPT andDTPVIs elicited by single stimuli and trains of three and five stimuli.E, Summary bar graphof the baclofen-induced IWCmeasured in PCs andPT andDT interneurons.F, Representative
plot of the voltage dependence of the baclofen-induced IWC in a PT interneuron. Voltage dependence was calculated by subtracting current responses to ramp commands after CGP and during
application of baclofen. Inset, summary of reversal potentials (ER) of the baclofen-induced currents obtained from the calculated voltage dependence in PCs and PT neurons.
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GABABRs canmodulate PVI network activity at
theta frequencies
Activation of extrasynaptic GABABRs requires spillover of
GABA, as occurs when larger assemblies of interneurons dis-
charge synchronously during theta oscillations (Scanziani, 2000).
Although PVIs preferentially fire at gamma frequencies, several
types of PV-negative DT interneuron discharge at theta frequen-
cies phase locked to the oscillations (Klausberger and Somogyi,
2008). We investigated the impact of GABABR-mediated inhibi-
tion on the activity of PT PVIs under these conditions by using a
reductionist computational model consisting of a network of 200
FS cells representing PT PVIs and 20 theta-spiking cells (TCs) as
the source of GABABR-mediated inhibition (Fig. 8). FS cells were
interconnected by fast mutual inhibitory synapses with shunting
Figure 7. Presynaptic GABABRs inhibit synaptic transmission at PVI interneuron to PC synapses. A, Left: Reconstruction of a PT PVI, a putative basket cell, with dense axonal arbor (in red) in str.
pyramidale (str. pyr.) and a postsynaptic PC (in blue). Right: Reconstruction of a DT PVI with axonal arbor (red)mainly found in the str. radiatum (str. rad.) and oriens (str. ori.) and a postsynaptic PC
(in blue). Insets illustrate the immunoreactivity for PV (left, greenpseudocolor) in thebiocytin-filled cell bodies (right, blue; scale bar, 20m); traces show the responses of thepresynaptic PVIs (top)
and the postsynaptic PCs (bottom) to a family of hyperpolarizing and depolarizing current pulses (250 to 250 pA, 50 pA steps, 500 ms duration). B, Action potentials (red, top traces) in the
presynaptic PT (left panel) and DT (right panel) PVIs were followed by fast IPSCs (blue, bottom traces, averages of 30 responses) in the synaptically coupled PCs. Note that IPSC amplitudes in both
pairs were reduced during baclofen application but recovered in CGP. C, D, Amplitudes of unitary IPSCs plotted as a function of time for the two PVI-PC pairs illustrated in B. The time of bath
application of baclofen andCGP is indicatedby theboxes above.E, Summarybar charts of thenormalized ISPC amplitudes duringbaclofen andCGPapplication fromPT-PC (light gray bars) andDT-PC
(dark gray bars) pairs (number of pairs shown underneath bars); mean data are overlain by individual pair data (open circles). ns, p 0.05; *p 0.05; **p 0.01; ***p 0.001.
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effects (Vida et al., 2006), whereas TC connections onto FS cells
elicited slow hyperpolarizing IPSCs.
In the absence of slow inhibition, FS cells generated coherent
gamma oscillations when activated by a tonic excitatory drive
(Bartos et al., 2001; Vida et al., 2006). With default parameter
settings (see Materials and Methods), the mean frequency of the
isolated FS networkwas 66.7 0.4Hzwith a coherence of 0.51
0.01. When TCs were activated to produce GABABR-mediated
inhibition, the mean frequency in the FS subnetwork decreased
monotonically with increasing conductance amplitude, as ex-
pected. With TCs discharging synchronously at 4 Hz, the mean
network frequency was reduced to 57.6  0.3 Hz at a unitary
conductance amplitude of 1 S cm2 and to 20.4 0.2 Hz at 25
S cm2 (Fig. 8A,B). Coherence in the FS network also declined
with increasing conductance amplitude, but even at the highest
amplitudes tested, a substantial level of
coherence was maintained (0.34  0.02;
Fig. 8B).
FS network frequency was not con-
stant over time, but changed rhythmically
and was phase locked to the discharge of
the TCs and fluctuations in the com-
pound GABABR-mediated conductance
(Fig. 8A). Network frequencymodulation
was strong at high conductance ampli-
tudes. At a unitary conductance of 25 S
cm2, FS cells fired at 51.5 0.1 Hz at the
trough of the compound conductance,
but only at 6.5 0.02 Hz at the peak (Fig.
8A,B). With a lower GABAB conductance
amplitude of 1 S cm2, the observed
modulation was weaker and the FS net-
work frequency alternated between
61.2  0.1 Hz at the troughs of the con-
ductance and 53.1  0.1 Hz at the peaks
(Fig. 8B).
Frequency modulation of FS network
was not only dependent on amplitude of
GABAB conductance, but also on the dis-
charge frequency of TCs. With increasing
TC frequency, GABABR-mediated con-
ductance showed progressive temporal
summation in FS cells, resulting in a close
to linear increase in the peak amplitude of
the compound conductance (Fig. 8D).
The larger amplitude of the compound
conductance resulted in further reduction
in the FS network frequency and, eventu-
ally, suppression of the neurons (data not
shown). In contrast, the fluctuation be-
tween peaks and troughs of the com-
pound conductance was reduced with
increasing TC frequency, dropping from
56.7% of the peak amplitude at 4 Hz to
14.0% at 10 Hz (Fig. 8D). As a conse-
quence, the frequency modulation of the
FS network was weaker when TCs dis-
charged at higher theta frequencies. Fi-
nally, when high theta discharge of TCs
was combined with a larger GABAB con-
ductance, the FS network pattern changed
from a theta-modulated gamma activity to
thetaoscillation (10Hz,1Scm2; Fig. 8C).
Increasing discharge frequency of TCs also influenced the theta
phase of FS cell activity relative to TCs. At 4 Hz, FS cells discharged
preferentially at 70° after TCs, whereas at 10Hz, the preferred firing
phase shifted to 223° (Fig. 8E). In summary, our results suggest that
postsynaptic GABABR-mediated conductance could modulate fir-
ing of PV-expressing PT cells andmay contribute to the generation
of nested theta-gamma oscillations in hippocampal circuits.
Discussion
The results of this study demonstrate that functional GABABRs
and their postsynaptic effector, Kir3 channels, are expressed in
hippocampal PVIs. Light and electron microscopic analysis re-
vealed that receptor and channel subunits are present in PVIs and
preferentially localize to extrasynaptic membrane of dendrites
and, to a lesser degree, axon terminals. Whole-cell recordings
Figure 8. SlowGABABR-mediated conductancesmodulate the discharge at theta frequencies in a FS neuron networkmodel.A,
Raster plots of the activity in amixednetworkmodel of 200 FS cells (bottom) and20 TCs (top). Discharge frequency of TCswas 4Hz.
The compoundGABAB conductance (GGABA-B) elicited in a single FS by TCs is illustrated between the raster plots. Peak amplitude of
theunitaryGABAB conductancewas set to 25S cm
2.B, FS network frequency (top) and coherence (bottom)plotted against the
unitary conductance amplitude ( gGABA-B). Upper boundary of the shaded area in the frequency plot indicates the instantaneous
frequencies measured at the trough of the compound conductance; lower values correspond to frequencies at the peak of the
conductance. C, Raster plots of the activity in themixed networkwith the TCs discharging at 10 Hz. GGABA-B was adjusted tomatch
the steady-state peak amplitude of the compound conductance to that at 4 Hz TC discharge (A). Note the switch from gamma (66
Hz) to theta frequency activity (10 Hz) as the GABAB conductance summates progressively. D, Steady-state peak amplitude of the
conductance normalized to the peak conductance elicited by first action potentials in TCs (top) and the proportion of the phasic
component (bottom) during steady-state summation plotted against the discharge frequency of TCs. E, Phase of FS discharge
relative to the TC cycle plotted against the discharge frequency of TCs.
Booker et al. • GABAB Receptor Expression in PV Interneurons J. Neurosci., May 1, 2013 • 33(18):7961–7974 • 7971
provided evidence that GABA synaptically released by various
interneuron types elicits slow IPSCs in PT, but not DT, interneu-
rons. In contrast, the synaptic output of both PT and DT PVIs is
modulated by GABABRs, albeit more strongly so in the latter.
Finally, computational analysis suggested that GABABRs in PT
PVIs canmodulate their discharge dynamically andmay contrib-
ute to the generation of complex network patterns.
High density of surface-localized GABABRs in PVIs
Consistent with previous immunofluorescent investigations
(Sloviter et al., 1999), somatic immunoreactivity for GABAB1 in
PV-positive cells was weak. Nevertheless, at the ultrastructural
level, we found high densities of GABABRs on the somatoden-
dritic membrane of PVIs. Although these results seem contradic-
tory, previous autoradiographic data indicated that the somatic
labeling for GABAB1 does not correspond to surface-localized
binding sites (Sloviter et al., 1999). Rather, this signal is domi-
nated by immunoreactivity associated to the ER and presumably
reflects a reserve pool of receptor protein (Kulik et al., 2003). For
surface localization and formation of functional receptors, the
GABAB1 subunit needs to heterodimerize with GABAB2 (Bettler
et al., 2004). Conceivably, in interneurons with strong somatic
immunoreactivity, GABAB1 accumulates in the ER because it is
produced at higher levels than GABAB2. In contrast, in PVIs, the
two subunits are probably produced at similar rates and assemble
and move rapidly to surface membranes. Accordingly, the heter-
ogeneity observed in somatic immunoreactivity among interneu-
ron types (Sloviter et al., 1999) plausibly reflects differences in
production and trafficking of the two subunits. Because immu-
nolabeling observed in PVIs and PCs through light and electron
microscopic analysis was comparable in both qualitative and
quantitative terms (Sloviter et al., 1999; Kulik et al., 2003), mech-
anisms of trafficking and surface expression of GABABRs in these
interneurons are likely to be comparable to those in PCs but differ
from other interneurons.
Surface-localized GABABRs were found mainly on the extra-
synaptic membrane of PV-immunoreactive dendrites and, at
lower levels, on axon terminals. This distribution corresponds
well to that in hippocampal PCs (Kulik et al., 2003), as well as
various neuron types in the neocortex (Gonchar et al., 2001),
cerebellum and ventrobasal thalamus (Ige et al., 2000; Kulik et al.,
2002). Extrasynaptic receptors require diffusion of the transmit-
ter from synapses; therefore, our data provide further evidence
for the spillover-dependent activation of GABABRs (Isaacson et
al., 1993; Scanziani, 2000; Ola´h et al., 2009). Although GABABRs
on interneuron axons can act as autoreceptors, the cellular source
of GABA for the activation of postsynaptic GABABRs remains
controversial. Neurogliaform cells and “ivy” cells are likely
sources (Tama´s et al., 2003; Price et al., 2005, 2008; Krook-
Magnuson et al., 2011); however, other dendrite-targeting in-
terneurons could be involved (Newberry and Nicoll, 1984; Forti
and Michelson, 1998; Lafourcade and Alger, 2008). Our data
support the notion that diverse interneuron types contribute to
GABABR-mediated effects (Fig. 5).
Kir3 channels in PVIs
Postsynaptic GABABRs colocalize and couple with Kir3 channels
(Lu¨scher et al., 1997; Kaupmann et al., 1998; Kulik et al., 2006). In
cortical neurons, Kir3 channels are heterotetramers predomi-
nantly composed of Kir3.1 and Kir3.2 subunits (Liao et al., 1996;
Lu¨scher et al., 1997; Leaney, 2003). Both proteins are found con-
sistently on PVI dendrites, albeit at lower levels than in PCs. The
third major subunit, Kir3.3, has been reported to be highly ex-
pressed in a subset of interneurons localized to the axon (Grosse
et al., 2003). Our results show that Kir3.3 channels are also pres-
ent on dendrites of PVIs at densities comparable to that in PCs.
Kir3.3 can associate with the Kir3.1 subunit and form functional
channels in complexes withGABABRs (Ciruela et al., 2010). Con-
sistent with the immunocytochemical data, electrophysiological
recordings revealed large synaptic and baclofen-induced whole-
cell currents in PT interneurons that were comparable to those in
PCs. Surprisingly, normalization using whole-cell capacitance
indicated a twofold higher conductance density in PT cells than
in PCs, possibly reflecting a tighter coupling of GABABRs and
Kir3 channels in PT PVIs.
Quantification of immunogold particles indicated high
GABABR and Kir3 channel densities on the order of 10 particles/
m2 in PV-positive dendrites. Therefore, we estimate 120,000
channels on a single PVI (somatodendritic surface area: 12,000
m2; Bartos et al., 2001), which is likely to be an underestimate
because not all protein molecules are detected by antibodies
(Nusser et al., 1998). Interestingly, the number of channels acti-
vated pharmacologically in these cells appears to be much lower.
Assuming a single-channel conductance between 5 and 31 pS,
and an open probability of 0.119 (Takigawa andAlzheimer, 1999;
Chen and Johnston, 2005), only110–700 open channels, from
a pool of 900–5900 activated channels, contribute to the
baclofen-induced currents measured in PT cells. Therefore, only
1–5% of surface-localized dendritic Kir3 channels are recruited
by GABABRs. This might be explained by the fact that Kir3 chan-
nels serve as common effector for a variety of metabotropic
receptors (Lu¨scher et al., 1997) and only a subset of channels
co-cluster with GABABRs (Kulik et al., 2006). However, this
question remains open ended and requires further investigation.
Differential expression of GABABR-mediated effects in PT
and DT cells
Whole-cell recordings demonstrated substantial GABABR-
mediated currents in most, but not all, PVIs. Morphological
identification revealed that slow IPSCs and baclofen-induced
currents were large in PT PVIs, but were small or absent in DT
cells. The differential expression of GABABR-mediated IPSCs
adds to the list of differences in the morphology, intrinsic physi-
ological and synaptic properties, and molecular composition
(Buhl et al., 1996; Halasy et al., 1996; Pawelzik et al., 2002; Baude
et al., 2007; Nissen et al., 2010; Lee et al., 2011), collectively indi-
cating functional specialization of PVI subtypes. The absence of
postsynaptic GABABR-mediated hyperpolarizationmay underlie
differences in the activity patterns, in particular the higher dis-
charge frequencies observed in bistratified cells in vitro and in
vivo (Klausberger et al., 2003, 2004; Ha´jos et al., 2004; Gloveli et
al., 2005). Furthermore, increasing postsynaptic GABABR activa-
tion could shift the balance from PVI-mediated perisomatic in-
hibition to dendritic inhibition in PCs, although activation of
presynaptic receptors may partially counterbalance this effect. It
remains to be established how the effects of GABABRs and extra-
synaptic 1-containing GABAARs, which are highly expressed by
these cell types (Baude et al., 2007), combine as a function of
extracellular GABA levels.
Possible function of GABABRs in PVIs during
network oscillations
GABABR-mediated inhibition onto inhibitory interneurons is
expected to produce disinhibition. However, simultaneous inhi-
bition onto PCs counterbalances this effect in the network and
attenuates or terminates population activity (Scanziani, 2000;
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Brown et al., 2007; Mann et al., 2009). In view of the central role
of FS PVIs in network oscillations (Klausberger et al., 2004; Sohal
et al., 2009), GABABRs on PT cells are strategically located to
modulate oscillatory power and frequency. Beyond tonic effects,
however, GABABRs may also serve dynamic roles during oscilla-
tions (Molyneaux and Hasselmo, 2002). Accordingly, our simu-
lations using a simplified network model indicated that, despite
slow kinetics, rhythmic GABABR-mediated inhibition produced
by a synchronized interneuron population could modulate the
discharge of PVIs at theta frequencies.
During theta oscillations in vivo, PT PVIs discharge out of
phase, preceding PCs by 195–73° in both anesthetized and
freely moving animals (Klausberger et al., 2003; Lapray et al.,
2012; Varga et al., 2012). In fact, PC activity is suppressed by
strong perisomatic inhibition when excitatory input onto their
distal dendrites from the entorhinal cortex is strong (Kamondi et
al., 1998; Losonczy et al., 2010). However, the distribution of
input synapses of PV basket cells and PCs are similar (Gulya´s et
al., 1999) and, therefore, they are likely to receive comparable
spatiotemporal input patterns. If this is the case, why do in-
terneurons discharge out of phase with PCs? First, the excitatory
input from the entorhinal cortex onto the distal dendrites of
basket cells in str. lacunosum-moleculare (Halasy et al., 1996, but
see Varga et al., 2012) may efficiently propagate to the soma and
drive these interneurons because, in contrast to PCs, their den-
dritic membranes have high resistance (Golding et al., 2005;
No¨renberg et al., 2010). Second, perisomatic inhibition produces
less suppression of interneurons due to the rapid kinetics of mu-
tual inhibitory synapses (Bartos et al., 2001). Finally, shunting
inhibition could promote gamma frequency synchronization in
basket cells (Vida et al., 2006). In this context, GABABR-mediated
inhibition recruited by entorhinal input (Dvorak-Carbone and
Schuman, 1999; Kwag and Paulsen, 2009) may contribute to the
silencing of PV basket cells and disinhibition of PC somata in
the opposite phase of the cycle (To´th et al., 1997). In contrast, the
absence of distal dendrites in the str. lacunosum-moleculare
(Halasy et al., 1996) and low expression of postsynaptic
GABABRs could explain why DT bistratified cells do not dis-
charge together with PT basket cells, but rather with PCs during
theta activity (Klausberger et al., 2004). In conclusion, our results
suggest that a divergence of hippocampal PVIs in postsynaptic
GABABR-mediated signaling can contribute to their differential
participation in hippocampal rhythmogenesis.
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